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Abstract
If in-home displays and other interventions are to successfully influence people’s energy
consumption, they need to communicate about energy in terms that make sense to users.
Here we explore householders’ perceptions of energy consumption, using a novel combina-
tion of card-sorting and clustering to reveal shared patterns in the way people think about
domestic energy consumption. The data suggest that, when participants were asked to
group appliances which they felt naturally ‘went together’, there are relatively few shared
ideas about which appliances are conceptually related. To the extent participants agreed on
which appliances belonged together, these groupings were based on activities (e.g., enter-
tainment) and location within the home (e.g., kitchen); energy consumption was not an
important factor in people’s categorisations. This suggests messages about behaviour
change aimed at reducing energy consumption might better be tied to social practices than
to consumption itself.
Introduction
How best to save energy is a prominent theme for research across a number of disciplines
including architecture, economics, sociology, marketing, computer–human interaction and
psychology. This research is pressing because most energy generation produces carbon emis-
sions, with associated environmental impact (e.g.,[1]). While high-level changes to the energy
infrastructure and the decarbonisation of energy supply might be necessary to significantly
reduce negative environmental impact [2], there is also the potential for substantial carbon sav-
ings more quickly, and at lower cost, through behaviour change at the individual level. The
domestic energy sector accounted for a third of the UK’s total energy demand in 2013 [3].
Whilst structural changes to a home, such as double glazing and insulation, can greatly increase
building efficiency, the pooled effect of everyday householder behaviour can also have a
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significant impact on energy demand. As energy-consuming behaviours are repeated fre-
quently, long term curtailment of these behaviours across the population is likely to lead to sig-
nificant energy savings.
Technological approaches to domestic energy demand reduction so far have usually focused
on providing energy feedback, assuming (usually implicitly) that the key barrier to behaviour
change is the householders’ lack of real-time information about their consumption [4,5].
Under this information-deficit approach, technologies such as smart meters with in-home dis-
plays have been implemented in order to make consumers more aware of what they use [6,7].
While there is evidence that many householders are indeed not aware of their overall energy
consumption [8], and do not have a detailed understanding of how much energy their appli-
ances and behaviours consume [9], the evidence on whether information provision is sufficient
to change consumption is mixed. Initial studies of feedback indicated energy savings ranging
between 5% and 20% [6,7]. However, such figures need to be interpreted with caution. Not
only have other studies found no evidence of energy savings as result of feedback [10,11], but
recently Buchanan, Russo, and Anderson [12] have argued that claims of energy reduction in
earlier work are potentially exaggerated and short lived. A recent meta-analysis [13] revealed
that the magnitude of energy conservation reported varies with the robustness of the experi-
mental design (with weaker studies reporting higher energy savings). Overall, then, it is far
from clear that presenting information alone is sufficient to promote significant, long-lasting
reductions [14–18].
The question, then, is why does energy feedback not work as intended? Current feedback
mechanisms generally provide householders with their overall energy consumption in units
such as kilowatt hours and/or financial cost (often estimated). While this might improve
householders’ general awareness of the total amount of energy they consume [6,11], this
approach makes the untested assumption that householders understand the units in which the
feedback is presented, and does not take into account householders’ perceptions of where and
how energy is used in their homes. Indeed, in-home displays alone offer the user little practical
advice as to what behaviours they need to change to save energy. Therefore their utility may be
limited as a standalone intervention.
Even if feedback systems did provide advice, this is likely to have a bigger influence on
behaviour if it incorporates knowledge of the public’s understanding of domestic energy use to
ensure the message is comprehensible and actionable by its recipient. This need to consider
recipients’ pre-existing perceptions has been widely demonstrated across other fields such as
risk communication, strategic management and usability [19–21]. An assumption underlying
the present work is that interventions aimed at reducing energy use are more likely to be suc-
cessful if individuals receive more detailed feedback about their behaviour in the home, in par-
ticular where and when energy is consumed. In order to do this, we need to know more about
how people perceive their environment in terms of their energy consumption and how they
perceive the use of energy consuming appliances.
Previous explorations of energy perceptions
Although there has been little previous exploration of the public’s perceptions of domestic
energy use, a range of approaches, both qualitative and quantitative, have been implemented to
this end. One approach has focused on energy awareness–that is, knowledge of the energy con-
sumption of different household items in relative or absolute terms. These tend to be quantita-
tive studies, using magnitude estimation or rank ordering. Overall, these studies suggest that
people are relatively poor at estimating the consumption of a single appliance but are relatively
good at ranking appliances relative to one another [22–24]. However, these studies still do not
Mental Models of Domestic Energy Consumption
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tell us whether energy consumption is important to people’s perceptions of their domestic
environments–merely that people can think about consumption when prompted. A good indi-
cation of this comes from Baird and Brier [23], who used two variations of a sorting task with
the same participants. People were given a set of cards displaying sources of energy consump-
tion, ranging from small domestic items to large infrastructures such as the subway. First, par-
ticipants were asked to sort the items in any way the wished, and then were asked to rank-
order them in terms of energy requirements. Cluster analysis was applied to both data sets,
revealing large differences in the two sorting methodologies. While the rank-ordering task pro-
duced clusters of items based on similar energy requirements, when given free rein, partici-
pants clearly did not order the items in this way but rather tended to group items by similarity
of function and size. This suggests that energy demand is not a major facet of how people spon-
taneously think about items and infrastructures that use energy.
So the question that arises is this: if people’s mental models–their internal representations–
of energy are not based around energy consumption, what are they based around? Mental rep-
resentations of external phenomena (or concepts) are thought to be formed by the process of
categorising perceptual information [25]. Categorisation is a fundamental aspect of cognition
which underpins the way we encode information about the world around us (e.g., [26]). A
method that has been traditionally used to reveal internal representations is sorting [27]. Sort-
ing refers to a range of techniques where participants are required to categorise items or con-
cepts by their relative perceived similarity [28]. Sorting tasks can reveal the structures of
mental representations by providing an indication of the extent to which people perceive simi-
larities and differences between concepts [29]. As such, sorting should be an ideal method for
exploring the cognitive structures mapping appliances to energy consumption [30]. Sorting
tasks provide a number of methodological advantages: they are easily undertaken by those who
lack the verbal skills to articulate abstract concepts [30], and they allow the natural structure of
conceptual systems to emerge. Because no theoretical structure is imposed, free sorting main-
tains an exploratory approach, while simultaneously allowing systematic analysis [31].
The aim of the current study was thus to explore how people understand domestic energy
use by revealing how they represent a variety of sources of energy consumptive appliances
around the home. We employed a free card-sorting task in which each card represented an
energy-consuming object. Previous explorations of energy perceptions focused on organising
appliances by magnitude of energy consumption [22,24] but it is not clear whether people
would categorise appliances in this way if they had not been prompted by the task, and, more
importantly, whether their daily behaviour is ever guided by categorisations based on con-
sumption. As mentioned, Baird and Brier’s [23] free-sorting task saw participants organise
energy-consuming items by function and size. Because participants in that study were not
asked to describe their groupings, it is unclear if those specific categorisations were actually
intended by participants or whether function and size were merely correlates of the dimensions
that really underpinned the participants’ sorting. Also, the items in Baird and Brier’s study had
an extremely wide range of sizes, including such non-domestic infrastructures as submarines
and the subway alongside small domestic appliances like a light bulb or carving knife. This
obviously extreme range may plausibly have pushed participants towards categorising items
based on size. Finally, while Baird and Brier included non-domestic uses of energy, we wished
to confine our range to domestic energy use in order to be able to generalise findings to home
energy interventions like smart metering.
The overall aim was to reveal shared patterns in the way that people categorise domestic
energy consuming appliances through the sorting task. In doing so we aimed to gain insights
that may help inform the effective communication of energy consumption information to end-
users.
Mental Models of Domestic Energy Consumption
PLOS ONE | DOI:10.1371/journal.pone.0158949 July 28, 2016 3 / 15
Method
Ethics statement
The research was conducted in accordance with the British Psychological Society ethical guide-
lines, and was approved by the University of Bath Social Science Research Ethics Committee
(Reference number 12–155). All participants provided written consent.
Participants
Fifty-seven participants were recruited from two different sources to undertake a card-sorting
task. Table 1 displays the number of participants and demographic data collected on the two
subsamples.
Subsample 1 consisted of residents of social housing from Exeter, UK, who were recruited
via their social housing provider as part of a larger interdisciplinary study (www.cs.bath.ac.uk/
enliten). These participants were invited to take part via a letter from their housing resident
involvement manager and an advertisement in the social housing provider’s quarterly maga-
zine. The only inclusion criterion for these participants was that they were social housing ten-
ants or leaseholders. They received £10 (and the opportunity to win supermarket vouchers
worth £50 in a prize draw) for their participation in a focus group which began with the card-
sorting task. The main aim of the focus group was to inform the design of the larger study,
therefore the results are not described here. As the participants in sample one were typically
above retirement age, a younger sample was also sought in order to improve the generalisability
of the study. Subsample 2 was recruited from a university population which mainly consisted
of undergraduate students who participated for course credit. This sample was recruited via
online participation systems as well as through university mailing lists and advertisement post-
ers. These participants were asked to undertake the card-sorting task only.
To inform the sample size in the present study, we examined literature on card-sorting
methodology. Tullis &Wood [32] assessed the impact of sample size by implementing a sort-
ing task with 168 participants and conducting cluster analyses on the full data set as well as
with subsets of different sample sizes (from 2 to 70 participants). They compared the similarity
matrices and tree structures produced in the analysis of the subsets with those from the full
sample. Correlations between the similarity matrices demonstrated a negatively increasing
function which reached an asymptote of 0.95 at 30 participants, at which point variance was
also greatly reduced. Comparison of the resulting dendrograms revealed high similarity in clus-
ter structure for samples of 20 or more participants. The authors conclude sample sizes of 20–
30 participants are sufficient for a card-sorting study. This is likely to vary by sample homoge-
neity and given that we sought to recruit participants from two quite disparate sources, we
decided to exceed this recommendation.
Materials & Procedure
Participants were each presented with 44 cards and were told that each card displayed the
name of ‘something that uses energy around the home’. The items named on the cards were
Table 1. Demographic information for the two subsamples.
Mean Age SD N Male (n) Female (n)
Subsample 1 67.43 9.94 23 12 11
Subsample 2 24.18 7.87 34 13 21
Total Sample 41.63 23.10 57 25 32
doi:10.1371/journal.pone.0158949.t001
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generated in a pre-test procedure by a separate set of participants, recruited through social
media (N = 19, Mean Age = 32.7, SD = 9.6), who were asked to name as many items as they
could think of which consume energy within their homes. The 44 most common items were
selected as stimuli for the main study. The items ranged from inbuilt domestic systems like cen-
tral heating or the shower, to small appliances such as a kettle or hairdryer.
In the main procedure, a free-sorting task was implemented, in which participants were
asked to arrange the cards into piles depending on how they felt cards naturally ‘went together’;
participants were instructed that they could sort the cards in any manner they wished provided
they made more than one pile and fewer than 44 piles. Participants were allowed to exclude
cards that they did not want to categorise, and these were treated as a pile of their own during
analysis. After each participant produced their piles, they were asked to give each pile a name
to describe its contents.
The order in which the cards were laid out was randomised for each participant by shuffling
the cards. Participants were required to sort the cards only once (as our interest was in the cate-
gorisation which felt most logical or intuitive to the participants) and were informed that they
could change their minds at any point throughout the study.
Analysis
A hierarchical cluster analysis was used to examine the extent to which there was consistency
across participants in how the cards were categorised. Our approach was to take the 361 card-
piles produced across all the participants and treat these piles as the units of analysis, on the
principle that each pile produced had a psychological reality to the participant who produced
it. As cluster analysis identifies groups of objects that are similar–defined as being close in the
multidimensional space described by the measurements employed–our analysis found card-
piles that were similar to one another across the participants in terms of the appliances they
contained. This thereby revealed shared ideas across participants about how the items could be
categorized. This was achieved by coding each pile as a series of 44 zeros and ones, describing
whether each of the 44 appliances was included in that pile or not.
The hierarchical cluster analysis was run using R Version 3.1.0 [33] with Manhattan dis-
tances as the similarity measure. Ward’s method [34] was used to evaluate the distances
between clusters as it is a efficient clustering method [35] which performs well with binary data
[36]. Cluster membership was determined by identifying the demarcation point, at which there
is an inconsistently large change in the similarity measure between clusters. The demarcation
point was identified by plotting the resulting height of each agglomeration (the distances at
which piles were merged on the basis of similarity) against the number of clusters and finding
the ‘elbow’ in a similar manner to a scree plot in factor analysis [37]. The interpretation was
confirmed by examining the dendrogram produced by the analysis. The resulting dendrogram
was converted to a phylogenetic tree which graphically exaggerates the differences between
clusters, making it easier to interpret. The clusters were then described by systematic examina-
tion of the names that participants gave to the piles within each cluster [30]. The most com-
monly occurring name was selected as the cluster label where appropriate.
Methodological Demonstration
The methodology just described is a novel combination of existing sorting and clustering tech-
niques, made possible by our system of coding piles as series of zeros and ones. As previous
research suggests people might not hold consistent mental models of energy [38], meaning we
are not necessarily expecting simple findings, we first present a simple demonstration to show
that our sort-and-cluster method can indeed produce meaningful results when consistent
Mental Models of Domestic Energy Consumption
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categories do exist across people. To do this, a pilot study was conducted using exactly the
same methodology and analysis described above, but with foodstuffs rather than energy appli-
ances. Foods were used because these are highly familiar and frequently discussed. A priori it
was reasonable to assume people would share numerous, well developed mental models for
these, meaning sorting elements from this domain should produce distinct categorisations.
Forty-eight participants competed the pilot sorting task (35 female, 13 male, Mean
Age = 25.29 SD = 13.87). Participants were given 35 cards and told that each named a different
type of food. The items for the cards were generated by discussions between three researchers
and were chosen to represent a variety of different factors, for example world cuisines, solids
and liquids, items traditionally eaten at different times of day, and basic food groups. The items
ranged from to individual ingredients (e.g. chicken or garlic) to different combinations of
ingredients (e.g. ketchup, cheesecake or roast dinner).
After using the clustering approach described above, seven distinct clusters of card-piles
emerged. These were groups of foodstuffs labelled as ‘meals’, ‘vegetables’, ‘protein’, ‘sweet’,
‘condiments’, ‘dairy’ and a final general cluster with no clear description. These results suggest
that our sort-and-cluster method produces multiple clear groupings, which were consistent
across participants, when used with a set of items people understand well. That is, where obvi-
ous categorisations exist and are shared amongst people, this method allows them to be
revealed. Therefore, the extent to which the main clustering of appliances, below, similarly
shows high numbers of consistent clusters across participants, will reveal the extent to which
people share conceptions of energy-consuming appliances as they clearly did for food. In par-
ticular, our interest is in how many distinct clusters are revealed and which criteria are used to
categorise energy appliances. Is it the case that people categorise appliances by energy con-
sumption, and if not, how else might they do so?
Results
Fig 1 plots the height of each agglomeration against the corresponding number of cluster; the
graph shows just the first 15 iterations for brevity. A very clear demarcation point (‘elbow’) can
be seen indicating a three-cluster solution best fit the data–adding further clusters beyond
three made little additional improvement to the clustering solution. The phylogenic tree dis-
playing the three clusters is displayed in Fig 2.
Cluster one was labelled ‘kitchen’, as this cluster mostly contained piles of cards representing
appliances used for the storage and preparation of food. Approximately 54% of the descriptions
for these piles contained the word ‘kitchen’ and a further 17%mentioned ‘food’ or ‘cooking’.
Cluster two was labelled ‘entertainment’. This cluster primarily contained piles of cards pri-
marily representing electronic devices. Fifty percent of the pile names contained the terms
‘entertainment’, ‘leisure’ or ‘living room’ by participants, other common pile names were ‘luxu-
ries’ and ‘electronics’.
Clusters one and two were both relatively distinct, which suggests that these categorisations
are consistent across participants; that is, people generally agreed that the items in each of
these clusters were fairly similar to one another and different to the items in other clusters.
As is commonly the case in cluster analysis, the final cluster was larger and much less dis-
tinct than the previous two clusters. Analysis of the pile names within this cluster revealed no
consistent description and so this cluster was termed ‘everything else’. Examples of the names
given to piles in this cluster include ‘appearance’, ‘water users’ and ‘lighting’, illustrating the
diversity of groupings that went into this cluster. The relatively large size of this cluster means
that, although people mostly agreed that kitchen and entertainment appliances can be grouped
together, they did not show such agreement for most other appliances.
Mental Models of Domestic Energy Consumption
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For validation, the participants were split into various subgroups (e.g., student versus house-
holder participants, or a set of 28 versus a set of 29 chosen at random) and the clustering
repeated for each subgroup. In every case, the outcome supported the same three-cluster solu-
tion as in the above analysis. Not only do these findings demonstrate the stability of the clusters
revealed in the analysis, they also show that comparable results are found with smaller sample
sizes, affirming our decision to use a sample of 57 participants. Thus satisfied that three clusters
was the correct solution, the final step was to move from hierarchical methods (which are best
for determining the number of clusters) to k-means clustering, which is best for determining
the content of each cluster once the number is known [35,39]. Given the very different cluster-
ing approaches employed by the two methods, comparison of cluster membership across the
two methods should provide further reassurance of the validity of the clusters revealed. Sure
enough, analysis of the piles within the three final k-means clusters revealed they converged
completely with those revealed by Ward’s method. Furthermore 97.83% of the cases (card-
piles made by participants) were classified in the same clusters by both methods.
Analysis of the items within clusters
So far, the clusters have been described by the names that participants gave to the piles of appli-
ance-cards they produced. But for practical purposes, we are interested in the items within
those piles. Therefore we investigated the frequency with which each appliance appeared
within each of the three clusters ‘kitchen’, ‘entertainment’ and ‘everything else’.
Fig 3 displays a Cohen-Friendly association plot which shows the proportional distance
between observed and expected frequencies of occurrence within each cluster for each appli-
ance. The rationale for this analysis is the null hypothesis that, if there were no structure to peo-
ple’s sorting, the piles of cards they produced would put appliances randomly into the three
Fig 1. Agglomeration height plotted against the corresponding number of clusters usingWard’s method with Manhattan
distances.
doi:10.1371/journal.pone.0158949.g001
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clusters. The extent to which an appliance appears within a cluster more often than chance
would suggest is shown in this plot by a box that stands above the baseline and is shaded blue;
an appliance that appears in a cluster less often than chance would suggest is shown by a
box below the baseline and is shaded red.
As Fig 3 shows, the items that were significantly associated (χ²>2.0, p< .001) with Cluster
one (kitchen) were, in order of χ² magnitude: cooking hobs, fridge, freezer, oven, washing
machine, kettle, dishwasher, microwave, toaster, steam cooker, tumble dryer, blender and
boiler. All appliances are typically found within a kitchen. The inclusion of large appliances
like washing machine, tumble dryer, dishwasher and boiler suggest that participants create the
piles within this cluster based on the physical location of the kitchen rather than solely the
practice of food storage and preparation. It is also notable that these large appliances were
Fig 2. Phylogenetic tree depicting the structure of the three clusters revealed during the analysis usingWard’s method with Manhattan
distances.
doi:10.1371/journal.pone.0158949.g002
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mixed with small appliances such as kettles, suggesting location and/or practice are more
important than size (cf. [23]).
The items that were significantly associated (χ²>2.0, p< .001) with Cluster two (entertain-
ment) were, in order of χ² magnitude: stereo system/HiFi, DVD player, surround sound, com-
puter games console, digital TV box, radio, television, printer, computer, laptop, internet
router, camera charger and mobile phone charger. The items are all electronic devices used to
facilitate entertainment and leisure (although many could also facilitate work).
The items significantly associated with Cluster three (everything else) were as follows: hair
dryer, hair styling appliance, electric drill, lamps, electric razor, electric toothbrush, electric fan,
bath, lights, iron, shower, electric fan heater, central heating and pressure washer. On the
whole these items do not fit in to any obvious single category, even though statistically they fit
together, confirming the lack of definition in this cluster.
As can be seen in Fig 3, the Pearson residuals statistics for the items in the kitchen and
entertainment cluster are considerably higher (χ²>4.0 for 8 items and 11 items respectively)
Fig 3. Cohen-Friendly association plot displaying the extent to which appliances became associated
with the three clusters.
doi:10.1371/journal.pone.0158949.g003
Mental Models of Domestic Energy Consumption
PLOS ONE | DOI:10.1371/journal.pone.0158949 July 28, 2016 9 / 15
than for the general household cluster (χ²>4.0 for one item only). This further supports the
interpretation that the former two concepts are more consistent and clearly defined than the
latter.
Comparison of results across gender
In order to compare results for men and women, the data were split by gender and the initial
cluster analysis was repeated for each dataset separately. Inspection of the resultant dendro-
grams and agglomeration schedules revealed a three cluster solution fit the data in each case. In
order to confirm that the three clusters were similar in content to those produced in the main
analysis, the names given to the piles within the clusters were examined. For men, 83% of the
pile descriptions in Cluster one contained the words ‘kitchen’, ‘food’ or ‘cooking’ and 73% of
the pile descriptions in Cluster two included the words ‘entertainment’, ‘leisure’, ‘living room’
or ‘luxuries’. For women, 58% of the pile description included the words ‘kitchen’, ‘food’ or
‘cooking’ and 71% of the pile descriptions in Cluster two included the words ‘entertainment’,
‘leisure’, ‘lounge’ or ‘luxuries’. The similarity of the clusters produced across genders further
validates the stability of the clusters revealed in the main analysis. It is interesting to note that
the number of piles in each cluster differed for men and women, While the number of card
piles in each cluster was similar for men and women (N’s = 15 and 17 respectively), a larger dif-
ference was found for the ‘kitchen’ cluster. This cluster contained 12 card-piles for men, and 26
card-piles for women, hinting at a greater tendency for women to categorise energy consump-
tion sources in this way.
Discussion
The aim of this study was to explore the public’s perception of domestic energy use through
their categorisation of energy-consuming appliances. Specifically, we wanted to know how
many consistent categorisations would be revealed, and what criteria participants used to make
these. The clustering, validation and association analyses presented here provide support for
the existence of three stable and robust clusters of appliance groupings. The ‘kitchen’ and
‘entertainment’ clusters were relatively distinct, suggesting that these represent commonly
occurring categorisations that are agreed upon across participants. The individual appliances
most commonly associated with these clusters clearly corresponded with the category descrip-
tion. The ‘everything else’ cluster was relatively large and the items most often found within
these piles showed no clear patterns. This suggests that there was substantial disagreement
amongst people about how most appliances can be categorised. What is notable about the
results is that so few distinct clusters were revealed. If most participants in our main analysis
had agreed that, say, baths and showers belonged together, whilst also not belonging with all
the other appliances, the method would have revealed this as a distinct cluster. The fact that a
greater number of distinct clusters were not revealed during the analysis suggests that the par-
ticipants do not hold consistent mental representations of which household appliances sit
together. These findings contrast with those of the pilot study, in which many distinct categori-
sations of food were revealed. This consistent categorisation of foodstuffs suggests people share
consistent, well developed mental representations of food as a concept. While the sorting meth-
odology thus has the potential to reveal detailed categorisations if they exist, this apparently
was not the case for the energy appliances data, thus suggesting that people only have a rudi-
mentary shared mental model of how energy-consuming appliances relate. Of particular inter-
est is the finding that consumption was not a consistent factor in people’s groupings.
The interpretation that people may have ill-formed taxonomies of appliances fits nicely
with earlier research demonstrating that householders do not understand domestic energy
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consumption very well [6,22,40]. Furthermore our findings are in line with the conclusion that
people do not hold consistent mental models of energy as a concept. Chisik [38] similarly
found little evidence of cohesion in his participant’s mental model of electricity. This is perhaps
related to the frequently noted point that energy is ‘doubly invisible’ [41]; we do not witness it
entering our homes, and its consumption is tied up ‘inconspicuously’ in our everyday routines
[42]. Indeed, evidence suggests that energy is consumed with little awareness of the quantity or
is impact on the environment (e.g. [43]). In contrast, the consumption of food, which we also
used here, is arguably far less ‘invisible’. Whilst energy consumption is hidden within other
activities, and is a means of achieving a particular behaviour rather than the goal, people con-
sume food more consciously, for pleasure or to relive hunger. The acquisition of food for con-
sumption is more often prominent than it is for energy (going to a supermarket vs. electricity
entering the home via hidden wires). Therefore the invisible nature of energy may result in
poorly developed collective mental models of domestic energy consumption. Speculatively, it
would be interesting to see where water lies between these two points. Its entry to the home is
as easy as is the entry of electricity and its use is again a means to an end rather than a goal, but
it is by nature more tangible and visible.
The descriptions people gave their appliance-groupings and the items within those group-
ings indicate that collectively, people categorise some appliances in terms of activities (enter-
tainment and cooking) and, perhaps to some extent, location (kitchen). These results are
comparable to those of Baird and Brier [23] who concluded their participants grouped sources
of energy use by function, given that function relates to the activity for which something exists.
Baird and Brier also concluded that participants sorted by size, whereas there was little evi-
dence that this is a common sorting criteria across our participants. This inconsistency could
be explained by the fact that in the present study we used more objective means of interpreting
the cluster criteria (i.e. systematic analysis of pile-names) and, particularly, used items that
were of a similar order of magnitude in size.
The way in which participants in the present study categorised domestic appliances draws
parallels with social practice theory [42]. Practice theories generally suggest that domestic
energy use can be best understood as social practices, which include bundles of more specific
habits and behaviours, and emerge from interactions between materials (objects), competen-
cies (skills), and images (meanings) [42,44–46]. Under this approach, the activities that are rel-
evant to energy consumption and the ways in which they are carried out are seen as the best
way to understand energy behaviour–perhaps again echoing our earlier points about energy
being a means to an end. The present study is novel in the fact that it directly suggests that peo-
ple categorise energy-consuming appliances within their homes in this way. Some might say
this seems intuitive, but we would argue on the contrary that it was equally possible that partic-
ipants would use different criteria, and instead categorise appliances into groups of high and
low energy consumption, essential and non-essential appliances, or group them by size (cf.
[23]). Although some participants did organise their piles in this way, in most cases they chose
not to do this.
Given the way some of our groups hint at social practices, one might expect other types of
energy-relevant practices to be revealed by the analysis, for example laundering or comfort
[42]. Indeed one might expect most people to agree that washing machines and tumble dryers
belonged together and not with other appliances. The fact that other practice-relevant group-
ings were not revealed may suggest that there is something more salient about entertainment
and cooking than other practices, for example they are arguably both associated with pleasure.
However this conclusion is somewhat speculative for now.
Taken together, our interpretations have implications for policy and for how information
about domestic energy use is communicated. Behaviour-change policy categorisation can often
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be at odds with how people perceive and understand behaviour [47]. For example, sustainabil-
ity policy targets ‘water-using behaviours’ as a construct, but work by Pullinger, Browne,
Anderson, and Medd [48] found this categorisation to be fairly meaningless to householders.
Our findings suggest that focusing on the activities of entertainment and cooking themselves–
rather than the more vague concept of ‘energy use’ or the more specific concept of an individ-
ual appliance–may be more meaningful to householders. The categorisations revealed in the
present study could thereby provide a useful frame for intervention designers. Information of
about domestic energy consumption and messages about energy-use reduction could be pre-
sented in terms of these shared representations. For example, presenting energy feedback to
householders in a way that corresponds with their existing representations, i.e. in terms of
entertainment or things in the kitchen, may help householders to better internalise the feed-
back and become more aware of their own energy use in a meaningful way. On the other hand,
our findings suggest that other types of mental appliance categories are much less likely to be
shared across people, and that therefore it might be necessary for feedback on other appliance
behaviours to be based around individual high-consumption appliances, or on groups of appli-
ances that are seen as common by each individual householder. Further exploration is needed
and these assumptions should be formally tested on new samples before concrete recommen-
dations can be made. To this end, future research should compare the energy consumption of
households exposed to traditional feedback interventions (for example, those that simply pres-
ent end-users with their total energy consumption), with practice-based interventions or disag-
gregated appliance interventions. Practice-based interventions could feed back householders’
energy consumption in terms of meaningful activities (e.g. the amount of energy consumed
cooking) and suggest using less energy consumptive alternative materials (e.g. heating food in a
microwave or convection oven rather than a traditional oven) or ways of carry out the same
activities in a less energy consumptive manner (e.g. bulk cooking).
Finally, although it is assumed that categorisation has implications for behaviour [25], we
cannot infer how the public perceive dynamic aspects of these elements within the home. For
example we have not explored mental models of how the appliances themselves work or how
they are used. Further work is needed to fully understand perceptions energy relevant practices
and how they can be best influenced. Despite this, the present study offers a unique contribu-
tion by revealing how people perceive the energy consuming appliances in their environments
through categorisation. If we are to communicate information to people about their environ-
ment and encourage behaviour change, it is vital that we do so in way that takes into account
their existing perceptions of energy consumption in a meaningful way.
Conclusions
The present study has demonstrated that there are relatively few shared ideas about which
energy consumptive domestic appliances are conceptually related. Furthermore, where there
was consistency, people conceptualised these elements as activities and locations within the
home. These findings suggest that behaviour change may be best realised by communicating
with householders in a way that is congruent with their existing understanding of the things
that consume energy within their homes, for instance in terms of practices rather than overall
consumption.
Acknowledgments
The authors would like to thank Dr Tom Lovett for his assistance with preparation and data
collection.
Mental Models of Domestic Energy Consumption
PLOS ONE | DOI:10.1371/journal.pone.0158949 July 28, 2016 12 / 15
Author Contributions
Conceived and designed the experiments: EGT IW BV. Performed the experiments: EGT. Ana-
lyzed the data: EGT IW GS. Contributed reagents/materials/analysis tools: EGT. Wrote the
paper: EGT IW BV.
References
1. Mora C, Frazier AG, Longman RJ, Dacks RS, Walton MM, Tong EJ, et al. The projected timing of cli-
mate departure from recent variability. Nature. 2013; 502: 183–7. doi: 10.1038/nature12540 PMID:
24108050
2. Mayne R, Darby S, Hamilton J. Individual and Social influences on Energy Use. Oxford, UK; 2012.
Available: http://media.wix.com/ugd/caf2de_9ca788a582346d11201af07ba0443ac3.pdf
3. Department of Energy & Climate Change. Energy Consumption in the UK (2014). London; 2014. Avail-
able: www.gov.uk/government/publications
4. Chiang T, Mevlevioglu G, Natarajan S, Padget J, Walker I. Inducing [sub]conscious energy behaviour
through visually displayed energy information: A case study in university accommodation. Energy and
Buildings. 2014; 70: 507–515. doi: 10.1016/j.enbuild.2013.10.035
5. Chiang T, Natarajan S, Walker I. A laboratory test of the efficacy of energy display interface design.
Energy and Buildings. 2012; 55: 471–480. doi: 10.1016/j.enbuild.2012.07.026
6. Darby S. The effectiveness of feedback on energy consumption. A review for DEFRA of the literature
on metering, billing, and direct displays. Oxford, UK; 2006. Available: http://www.defra.gov.uk/
environment/energy/research
7. Fischer C. Feedback on household electricity consumption: a tool for saving energy? Energy Efficiency.
2008; 1: 79–104. doi: 10.1007/s12053-008-9009-7
8. Thøgersen J, Grønhøj A. Electricity saving in households—A social cognitive approach. Energy Policy.
2010; 38: 7732–7743. doi: 10.1016/j.enpol.2010.08.025
9. Brounen D, Kok N, Quigley JM. Energy literacy, awareness, and conservation behavior of residential
households. Energy Economics. 2013; 38: 42–50. doi: 10.1016/j.eneco.2013.02.008
10. AlahmadMA,Wheeler PG, Schwer A, Eiden J, Brumbaugh A. A Comparative Study of Three Feedback
Devices for Residential Real-Time energy monitoring. IEEE Transactions on Industrial Electronics.
2012; 59: 2002–2013. doi: 10.1109/TIE.2011.2165456
11. Allen D, Janda K. The Effects of Household Characteristics and Energy Use Consciousness on the
Effectiveness of Real-Time Energy Use Feedback: A Pilot Study. ACEEE Summer Study on Energy
Efficency in Buildings. 2006. p. 7 1–12. Available: http://www.eci.ox.ac.uk/publications/downloads/
janda06aceee.pdf
12. Buchanan K, Russo R, Anderson B. The question of energy reduction: The problem(s) with feedback.
Energy Policy. 2015; 77: 89–96. doi: 10.1016/j.enpol.2014.12.008
13. Delmas M a., Fischlein M, Asensio OI. Information strategies and energy conservation behavior: A
meta-analysis of experimental studies from 1975 to 2012. Energy Policy. 2013; 61: 729–739. doi: 10.
1016/j.enpol.2013.05.109
14. Wilson C, Chatterton T. Multiple models to inform climate change policy: a pragmatic response to the
“beyond the ABC” debate. Environment and Planning A. 2011; 43: 2781–2787. doi: 10.1068/a44404
15. Aune M. Energy comes home. Energy Policy. 2007; 35: 5457–5465. doi: 10.1016/j.enpol.2007.05.007
16. Gram-Hanssen K. Understanding change and continuity in residential energy consumption. Journal of
Consumer Culture. 2011; 11: 61–78. doi: 10.1177/1469540510391725
17. Shove E. On the difference between chalk and cheese—a response to Whitmarsh et al’s comments on
“Beyond the ABC: climate change policy and theories of social change.” Environment and Planning A.
2011; 43: 262–264. doi: 10.1068/a43484
18. Shove E. Beyond the ABC: climate change policy and theories of social change. Environment and
Planning A. 2010; 42: 1273–1285. doi: 10.1068/a42282
19. Bostrom A, Morgan M, Fischhoff B, Read D. What do people know about global climate change? 1.
Mental models. Risk Analysis. 1994; 14. Available: http://onlinelibrary.wiley.com/doi/10.1111/j.1539-
6924.1994.tb00065.x/full
20. Daniels K. Validating A Method for Mapping Managers’Mental Models of Competitive Industry Struc-
tures. Human Relations. 1995; 48: 975–991. doi: 10.1177/001872679504800901
21. Mack Z, Sharples S. The importance of usability in product choice: a mobile phone case study. Ergo-
nomics. 2009; 52: 1514–28. doi: 10.1080/00140130903197446 PMID: 19941184
Mental Models of Domestic Energy Consumption
PLOS ONE | DOI:10.1371/journal.pone.0158949 July 28, 2016 13 / 15
22. Attari SZ, Dekay ML, Davidson CI, BruineW, Bruin D. Public perceptions of energy consumption and
savings. PNAS. 2010; doi: 10.1073/pnas.1001509107
23. Baird JC, Brier JM. Perceptual awareness of energy requirements of familiar objects. Journal of Applied
Psychology. 1981; 66: 90–96. doi: 10.1037//0021-9010.66.1.90
24. Frederick SW, Meyer AB, Mochon D. Characterizing perceptions of energy consumption. Proceedings
of the National Academy of Sciences of the United States of America. 2011; 108: E23; author reply
E24. doi: 10.1073/pnas.1014806108 PMID: 21285366
25. Ross BH, Spalding TL. Concepts and Categories. In: Sternberg RJ, editor. Thinking and Problem Solv-
ing. 2nd ed. San Diego: CA,: Academic Press; 2013. pp. 119–148.
26. Medin DL, Smith EE. Concepts and concept formation. Annual review of psychology. 1984; 35: 113–
138. doi: 10.1146/annurev.psych.35.1.113 PMID: 19400618
27. Coxon APM. Sorting data: Collection and analysis. Thousand Oaks: Sage; 1999.
28. Groat L. Meaning in post-modern architecture: An examination using the multiple sorting task. Journal
of Environmental Psychology. 1982. pp. 3–22. doi: 10.1016/S0272-4944(82)80002-9
29. Rosenberg S, Kim MP. The method of sorting as a data-gathering procedure in multivariate research.
Multivariate Behavioral Research. 1975; Available: http://www.tandfonline.com/doi/abs/10.1207/
s15327906mbr1004_7
30. Barnett J. The Multiple Sorting Procedure. In: Breakwell GM, editor. Doing Social Psychology
Research. Oxford, UK: Wiley-Blackwell; 2004. pp. 289–304
31. Canter D V. A Multiple Sorting Procedure for Studying Conceptual Systems. In: Psychology in Action.
Dartmouth Benchmark Series. Dartmouth Publishing Company, Hantshire, UK. 1996. pp. 71–106.
ISBN 1855213656
32. Tullis T, Wood L. HowMany Users Are Enough for a Card-Sorting Study? Proceedings, Usability Pro-
fessionals Association (UPA) 2004 Conference. Minneapolis, MA; 2004. pp. 1–9.
33. R Core Team. R: A language and environment for statistical computing [Internet]. Vienna, Austria, Aus-
tria: R Foundation for Statistical Computing; 2014. Available: http://www.r-project.org/
34. Ward JH. Heirarachical Grouping to Optimize an Objective Function. Journal of the American Statistical
Association. 1963; 58: 236–244.
35. Burns R, Burns R. Cluster Analysis. Business Research Methods and Statistics Using SPSS. Sage
Publications Ltd; 2009. pp. 552–567.
36. Tamasauskas D, Sakalauskas V, Kriksciuniene D. Evaluation framework of hierarchical clustering
methods of binary data. Hybrid Intelligent Systems (HIS). 2012; 421–426. Available: http://ieeexplore.
ieee.org/xpls/abs_all.jsp?arnumber=6421371&tag=1
37. Mooi E, Sarstedt M. A Concise Guide to Market Research: The Process, Data, and Methods Using IBM
SPSS Statistics. Springer; 2011.
38. Chisik Y. An Image of Electricity: Towards an Understanding of How People Perceive Electricity. Inter-
act 2011, part IV, LNCS. Lisbon; 2011. pp. 100–117.
39. Norušis MJ. Cluster Analysis. IBM SPSS Statistics 19 Statistical Procedures Companion. Prentice-Hall
International; 2012. pp. 202–202. Available: http://www.norusis.com/book_SPC_v19.php
40. Brounen D, Kok N, Quigley JM. Residential energy use and conservation: Economics and demograph-
ics. European Economic Review. Elsevier; 2012; 56: 931–945. doi: 10.1016/j.euroecorev.2012.02.007
41. Burgess J, Nye M. Re-materialising energy use through transparent monitoring systems. Energy Pol-
icy. 2008; 36: 4454–4459. doi: 10.1016/j.enpol.2008.09.039
42. Shove E. Converging conventions of comfort, cleanliness and convenience. Lancaster; 2003. Avail-
able: http://www.comp.lancs.ac.uk/sociology/papers/Shove-Converging-Conventions.pdf
43. Toth N, Little L, Read JC, Fitton D, Horton M. Understanding teen attitudes towards energy consump-
tion. Journal of Environmental Psychology. 2013; 34: 36–44. doi: 10.1016/j.jenvp.2012.12.001
44. Kurz T, Gardner B, Verplanken B, Abraham C. Habitual behaviors or patterns of practice? Explaining
and changing repetitive climate-relevant actions. Wiley Interdisciplinary Reviews: Climate Change.
2014; 6: 113–128. doi: 10.1002/wcc.327
45. Warde A. Consumption and Theories of Practice. Journal of Consumer Culture. 2005; 5: 131–153. doi:
10.1177/1469540505053090
46. Gram-Hanssen K. Standby consumption in households analyzed with a practice theory approach. Jour-
nal of Industrial Ecology. 2010; 14: 150–165. doi: 10.1111/j.1530-9290.2009.00194.x
47. Eppel S, Sharp V, Daviesa L. A review of Defra’s approach to building an evidence base for influencing
sustainable behaviour. Resources, Conservation and Recycling. Elsevier B.V.; 2013; 79: 30–42. doi:
10.1016/j.resconrec.2013.06.001
Mental Models of Domestic Energy Consumption
PLOS ONE | DOI:10.1371/journal.pone.0158949 July 28, 2016 14 / 15
48. Pullinger M, Browne A., Anderson B, MeddW. Patterns of Water: The water related practices of house-
holds in southern England, and their influence on water consumption and demand management [Inter-
net]. Lancaster; 2013. Available: https://www.escholar.manchester.ac.uk/uk-ac-man-scw:187780
Mental Models of Domestic Energy Consumption
PLOS ONE | DOI:10.1371/journal.pone.0158949 July 28, 2016 15 / 15
